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Abstract Constitutive macroautophagy involved in the
turnoverofdefectivelong-livedproteinsandorganellesis
crucial for neuronal homeostasis. We hypothesized that
macroautophagic dysregulation in selective brain regions
was associated with memory impairment in aged mice.
Weused thesingle-trialobject recognition test to measure
short-term memory in 18 aged mice compared to 22
young mice and employed immunohistochemistry to
assess cellular distribution of proteins involved in the
selectivedegradationofubiquitinatedproteins viamacro-
autophagy. Values of the discrimination ratio (DR, a
measure of short-term recognition memory performance)
inagedmiceweresignificantlylowerthanthoseinyoung
mice (median, 0.54 vs. 0.67; p=0.005, U test). Almost
exclusively in aged mice, there were clusters of puncta
immunoreactive for microtubule-associated protein 1
light chain 3 (LC3), ubiquitin- and LC3-binding protein
p62, and ubiquitin in neuronal processes predominantly
in the hippocampal formation, olfactory bulb/tubercle,
and cerebellar cortex. The hippocampal burden of
clustered puncta immunoreactive for LC3 and p62
exhibited inverse linear correlations with DR in aged
mice (ρ=−0.48 and −0.55, p=0.044 and 0.018, respec-
tively, Spearman’s rank correlation). These findings
suggest that increased accumulation of autophagosomes
within neuronal processes in selective brain regions is
characteristic of aging. The dysregulation of macro-
autophagy can adversely affect the turnover of
aggregate-prone proteins and defective organelles,





The differential susceptibility of older individuals to the
development of aging-related cognitive impairment
may be driven by genetic polymorphisms, epigenetic
phenomena, and dissimilar life-long environmental
exposure to stressors (Goosens and Sapolsky 2007).
While aging-related cognitive decline is different from
well-characterized neurodegenerative disorders like
Alzheimer’s disease, the neurobiological substrates
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ways that have been implicated in aging, excessive
stimulation of anabolic processes via the mammalian
target of rapamycin (mTOR) kinase causes an
imbalance that results in the accumulation of reactive
oxygen species and the inhibition of macroautophagy,
which in turn promote the development of aging-
related phenotypes (Cuervo 2008; García-Arencibia et
al. 2010; Kamada et al. 2000; Levine and Kroemer
2008; Metcalf et al. 2010). In a mouse model of
Alzheimer’s disease, enhancement of macroautoph-
agy via rapamycin-mediated inhibition of mTOR
signaling ameliorated β-amyloid and Tau pathology
and rescued cognitive impairment (Caccamo et al.
2010). The autophagic activity has been shown to
decline with aging (Cuervo 2008;L e v i n ea n d
Kroemer 2008; Martinez-Vicente and Cuervo 2007).
The autophagic-lysosomal system is a catalytic
mechanism responsible for the turnover of dysfunc-
tional organelles, membranes, and long-lived proteins
(Cuervo et al. 2005; García-Arencibia et al. 2010).
Macroautophagy, which is different from the other
two pathways in this lysosome-dependent system
(i.e., microautophagy and chaperone-mediated
autophagy), is a regulated process in which portions
of the cytoplasm are sequestered within double
membrane-bound vesicles (autophagosomes) and sub-
sequentlytransportedtolysosomes(García-Arencibia et
al. 2010; Levine and Kroemer 2008). The autophago-
some is a globular organelle with a diameter of
approximately 1 μm (Ichimura and Komatsu 2010).
Fusion of the autophagosome with the lysosome
triggers the dissolution of the inner autophagosomal
membrane and degradation of the cargo by lysosomal
acid hydrolases (Mizushima et al. 2008).
In addition to stimulus-induced (adaptive) macro-
autophagy that responds to acute stress (e.g., nutrient
starvation and growth factor withdrawal) by non-
selectively degrading bulk cytoplasmic components,
basal macroautophagy functions constitutively as a
quality control system to ensure the turnover of
damaged organelles and misfolded proteins (García-
Arencibia et al. 2010; Ichimura and Komatsu 2010;
Levine and Kroemer 2008). For instance, defective
senescent mitochondria are sequestered within auto-
phagosomes to prevent cell injury caused by the
uncontrolled release of reactive oxygen species (Rami
2009). This homeostatic role of macroautophagy is
particularly important for long-lived post-mitotic cells
likeneurons,whichrequireefficientproteindegradation
to prevent accumulation of aggregate-prone proteins
(Cuervo et al. 2005; Ravikumar et al. 2002). Further-
more, neurons are highly dependent on microtubule-
mediated axonal transport over long distances,
including retrograde trafficking of autophagosomes
toward the soma for lysosome-mediated degradation
(Boland et al. 2008). Hence, it is likely that neurons are
particularly vulnerable to macroautophagic dysregula-
tion. Increased accumulation of autophagosomes in
neurons has been described in diverse neurodegenera-
tive disorders, such as Alzheimer’s, Parkinson’s,
Huntington’s, and motor neuron diseases (Cherra et
al. 2010).
Microtubule-associated protein 1 light chain 3 (LC3)
plays a crucial role in the formation of autophagosomes
(Nakatogawa et al. 2007). Upon recruitment to the
isolation membrane, cytosolic LC3 (LC3-I) is modified
by conjugation with phosphatidylethanolamine into
LC3-II, which is incorporated into the inner and outer
autophagosomal membranes to regulate their elonga-
tion, curvature, and closure and function in cargo
recruitment (García-Arencibia et al. 2010;I c h i m u r a
and Komatsu 2010). It was shown in neuronal cell
cultures that upon induction of macroautophagy, the
subcellular localization of LC3 redistributed from a
diffuse cytoplasmic to a punctate pattern (Rami 2009).
As LC3-II remains specifically associated with the
completed autophagosome but not with other vesicular
structures (García-Arencibia et al. 2010; Komatsu and
Ichimura 2010; Levine and Kroemer 2008), the
intracellular level of LC3-II has been widely used to
estimate the burden of autophagosomes until they are
degraded by lysosomal hydrolases (García-Arencibia
et al. 2010;R a m i2009). In a mouse model of juvenile
neuronal ceroid lipofuscinosis (Batten disease) caused
by mutations in the endosomal/lysosomal membrane
protein CLN3 gene, clusters of LC3-immunoreactive
puncta were observed in the hippocampal CA2/CA3
and cerebellar cortex of 10-month-old homozygous
Cln3
Δex7/8 knock-in mice, suggesting that autophago-
some maturation that requires fusion with late lyso-
somes is disrupted in this mouse model (Cao et al.
2006). Ubiquitin- and LC3-binding protein p62 is
particularly involved in the selective degradation of
ubiquitinated proteins via macroautophagy (Kirkin et
al. 2009; Metcalf et al. 2010). The p62 protein is
localized to the autophagosome via interaction with
LC3 and is degraded by the autophagic-lysosomal
306 AGE (2012) 34:305–316system. Notably, p62 has been identified as a component
of cytoplasmic inclusions in Alzheimer’s, Parkinson’s,
and motor neuron diseases (Ichimura and Komatsu
2010).
To study the relationship between memory impair-
ment and macroautophagic dysregulation in aged
mice, we assessed short-term non-spatial recognition
memory by using the single-trial object recognition
test (Young et al. 2009). We used immunohistochem-
istry to assess cellular distribution of autophagosome-
related proteins involved in selective degradation of
ubiquitinated proteins via macroautophagy (i.e., LC3,
p62, and ubiquitin) in the brain of aged mice
compared to young mice. We hypothesized that
macroautophagic dysregulation in selective brain
regions was associated with memory impairment in
aged mice. We found almost exclusively in the brain
sections of aged mice clusters of puncta immunore-
active for the autophagosome-related proteins, pre-
dominantly in the hippocampal formation, olfactory
bulb/tubercle, and cerebellar cortex.
Materials and methods
Animals and behavioral testing
Young (6 months old) and aged (26 months old) male
C57BL/6N mice were used for single-trial object
recognition testing as previously described in detail
(Soontornniyomkij et al. 2010). All procedures were
in accordance with the “Principles of Laboratory
Animal Care” (National Institutes of Health [NIH]
publication no. 86-23, revised 1985) and approved by
the University of California, San Diego Animal Care
Committee. The ratio of the time spent exploring the
novel object over the total amount of time spent
exploring both novel and familiar objects during the
retention phase of the object recognition test (i.e.,
[novel object exploration time]/[novel object+familiar
object exploration time]), referred to as the discrim-
ination ratio (DR) (Bevins and Besheer 2006), was
used to measure the short-term non-spatial recogni-
tion memory performance.
Brain histology
There were 18 aged mice and 22 young mice
examined, the right hemi-brains of which were
included in the immunohistologic study. The frontal
lobe and olfactory bulb of one of the young mice
were not available for the present study. Five-
micrometer-thick formalin-fixed paraffin-embedded
parasagittal sections of all the hemi-brains revealed
neuroanatomic landmarks consistent with the levels
from 1,250 to 1,750 μm from the midline (Valverde
1998). No significant histopathologic changes were
observed in any of the hemi-brain sections stained
with hematoxylin and eosin.
Immunohistochemistry
To evaluate the cellular distribution of autophagosome-
related proteins, we used primary antibodies raised
against LC3 (rabbit polyclonal, APG8b, #AP1802a,
Abgent, San Diego, CA, USA, 1:50 dilution), p62 (rabbit
polyclonal, SQSTM1, #AP2183b, Abgent, 1:25), and
ubiquitin (mouse monoclonal, #MAB1510, Millipore,
Temecula, CA, USA, 1:4,000). The anti-LC3 antibody
has been shown to recognize both LC3-I and LC3-II on
Western blots (Cao et al. 2006). Microtubule-associated
proteins (MAP) were identified using anti-MAP2 (goat
polyclonal, #sc-12012, Santa Cruz Biotechnology, Santa
Cruz, CA, USA, 1:100) and anti-phosphorylated Tau
(phospho-Thr-231, rabbit polyclonal, #A00406, Gen-
Script, Piscataway, NJ, USA, 1:200) antibodies. For
presynaptic proteins, we used anti-synapsin IIa (rabbit
polyclonal, #sc-25538, Santa Cruz Biotechnology,
1:100) and anti-synaptophysin (rabbit polyclonal,
#A0010, DakoCytomation, Carpinteria, CA, USA,
1:200) antibodies. Antigen retrieval was carried out by
autoclaving at 121°C for 20 min with 10 mM Tris/
1 mM EDTA-2Na/0.05% Tween 20 buffer (pH 9) for
LC3, p62, MAP2, synapsin IIa, and synaptophysin, and
with 10 mM sodium citrate/0.05% Tween 20 buffer
(pH 6) for ubiquitin and p-Tau. Immunohistochemical
signals were developed using the species-appropriate
ImmPRESS™ anti-Ig (peroxidase) polymer detection
kits (Vector Laboratories, Burlingame, CA, USA) and
diaminobenzidine (ImmPACT™ DAB peroxidase sub-
strate, Vector Laboratories), as previously described
(Soontornniyomkij et al. 2010). For the negative reagent
control, the primary antibody was omitted. For each of
the proteins studied, all the hemi-brain sections were
processed in the same batch.
To document whether clustered autophagic puncta
were localized to neuronal processes, we performed
double immunofluorescent staining with four anti-
AGE (2012) 34:305–316 307body pairings: MAP2 (mouse monoclonal, #M4403,
Sigma-Aldrich, Saint Louis, MO, USA, 1:200)/LC3
(1:5), MAP2 (#M4403, Sigma-Aldrich, 1:200)/p62
(1:10), ubiquitin (1:2,000)/MAP2 (rabbit polyclonal,
#PRB-547C, Covance, Princeton, NJ, USA, 1:200),
and ubiquitin (1:2,000)/synapsin IIa (1:50). Double
immunofluorescent staining was also conducted to
confirm the localization of ubiquitin within autopha-
gosomes with ubiquitin (1:2,000)/LC3 (1:5) and
ubiquitin (1:2,000)/p62 (1:10) antibody pairings.
Antigen retrieval was performed by autoclaving at
121°C for 20 min either with 10 mM sodium citrate/
0.05% Tween 20 buffer (pH 6) or 10 mM Tris/1 mM
EDTA-2Na/0.05% Tween 20 buffer (pH 9). Because
primary antibodies in each pairing used were raised in
different animal species, tissue sections were incubat-
ed with a mixture of the primary antibody pairing at
4°C for 24 h, and then with the corresponding mixture
of Alexa Fluor 488 and Alexa Fluor 568 conjugated
anti-IgG secondary antibodies (Invitrogen, Carlsbad,
CA, USA, 1:200) at room temperature for 2 h. For the
negative control, the primary antibody pairing was
omitted. The tissue sections were mounted with VEC-
TASHIELD® Hard Set™ with DAPI mounting medium
(Vector Laboratories) and qualitatively examined by
DeltaVision® RT deconvolution microscopy (Applied
Precision, Issaquah, WA, USA).
Semiquantification of clusters of immunoreactive
puncta
The entire hemi-brain sections immunostained with
DAB were digitally scanned using a microscope slide
scanner (Aperio ScanScope® GL, Vista, CA, USA)
equipped with a 20× objective lens (yielding the
resolution of 0.5 μm per pixel). The digital slides were
viewed on a high-definition 24-inch LCD TFT monitor
using the ImageScope™ software (Aperio) at 10× and
20× zooms. In each of the entire dorsal hippocampal
formation (i.e., the hippocampus proper, dentate gyrus,
and subiculum), olfactory bulb/tubercle, and cerebellar
cortex, the number of clusters of immunoreactive
puncta was independently recorded by manually
counting by two of the authors (V. S. and C. L. A.)
who were blinded to the DR values. Single immunore-
active puncta without cluster formation were not
recorded in the present study. The semiquantitative
burden of clustered immunoreactive puncta was classi-
fied into none (0 clusters), sparse (1–3), moderate (4–
10), and abundant (11 or greater) in each of the three
brain regions.
For illustration, composite digital images (Fig. 1a–l)
were obtained from the Aperio digital slides. The inset
images (in Fig. 1a–g, j) were taken with a 40× objective
lens on an Olympus BX40 microscope equipped with a
Nikon Digital Sight DS-5M digital camera.
Statistical analysis
The Mann–Whitney U test was used to compare
continuous variables between two independent groups.
The Spearman’s rank correlation (ρ) test was employed
to evaluate the linear relationship between two contin-
uous variables in a given group. To determine associ-
ations among categorical proportions, the Chi-square
(χ
2) test was used. The GraphPad InStat 3 for
Macintosh software (GraphPad Software, La Jolla,
CA, USA) was used to perform all statistical analysis.
All p values calculated were two-tailed and considered
statistically significant at a threshold of p<0.05.
Results
Clustered immunoreactive puncta in selective brain
regions
On hemi-brain sections immunostained for LC3, p62,
ubiquitin, MAP2, and synapsin IIa, there were clusters
of immunoreactive puncta unevenly distributed in the
dorsal hippocampal formation (predominantly in the
neuropil subfields, Fig. 1a–c, e, f), olfactory bulb/
tubercle (Fig. 1d), and cerebellar cortex (Purkinje cell
and granule cell layers, Fig. 1g) particularly of aged
mice (Table 1). Whether there were clustered puncta
immunoreactive for ubiquitin and synapsin IIa in the
cerebellar cortex was undetermined because of intense
immunoreactivity for these two proteins in the granule
cell layer. Only one aged mouse that showed the
highest numbers of clusters of puncta immunoreactive
for LC3, p62, ubiquitin, MAP2, and synapsin IIa in the
hippocampal formation also had a few clusters of
puncta immunoreactive for LC3 and p62 in the
thalamus. There were no clustered immunoreactive
puncta observed in other brain regions, such as the
cerebral cortex, caudate–putamen, globus pallidus,
hypothalamus, midbrain, and brainstem. No clustered
puncta were seen in any brain regions on the sections
308 AGE (2012) 34:305–316immunostained for p-Tau or synaptophysin (Fig. 1h, i;
Table 1). In contrast to aged mice, their young
counterparts showed no or sparse clusters of immuno-
reactive puncta on hemi-brain sections studied
(Fig. 1j–l).
Clustered immunoreactive puncta localized
to neuronal processes
On double immunofluorescent staining, MAP2 was
co-localized within clustered puncta with LC3, p62,
Fig. 1 Brain sections of aged mice (a–i) are depicted in
comparison with those of young mice (j–l). In the hippocampal
formation of aged mice, there are scattered clusters of puncta
(arrows, higher magnification inset) immunoreactive for
microtubule-associated protein 1 light chain 3 (LC3, a), p62 (b),
ubiquitin (Ubi, c), microtubule-associated protein 2 (MAP2, e), and
synapsin IIa (Syn, f). These immunoreactive puncta (arrows,
higher magnification inset) are also present in the olfactory bulb
(d) and cerebellar cortex (g). No clusters of immunoreactive
puncta are observed on any of the hemi-brain sections immunos-
tained for phosphorylated Tau (p-Tau, h) or synaptophysin (Syp, i).
Note that hippocampal formation sections (a–c, e, f, h, i)a r eo f
one aged mouse, and olfactory bulb (d) and cerebellar (g) sections
are of another aged mouse. By contrast, young mice (j–l,t h e
hippocampal formation of one young mouse) show no (k, l)o r
sparse (j [arrow], higher magnification inset)c l u s t e r so fi m m u n o -
reactive puncta. SO stratum oriens, SP stratum pyramidale, SR
stratum radiatum, SL stratum lacunosum-moleculare, SM stratum
moleculare, SG stratum granulosum, PZ pleomorphic zone (hilus)
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localized within clustered puncta with synapsin IIa
(Fig. 2j–l). These findings suggest that clustered
puncta are localized to neuronal processes. In addi-
tion, ubiquitin was co-localized within clustered
puncta with LC3 and p62 (Fig. 2m–r), confirming
the localization of ubiquitin within autophagosomes.
Burden of clustered immunoreactive puncta in aged
vs. young mice
Semiquantitative analysis of the burden of clustered
immunoreactive puncta in the hippocampal formation of
all 40 mice (i.e., 22 young and 18 aged mice) revealed a
highly significant linear trend toward greater load in aged
mice (p<0.0001 for each of LC3, p62, ubiquitin,
MAP2, and synapsin IIa stainings; χ
2 test for linear
trend [Fig. 3a–e]). Only a small minority of young mice
showed clustered immunoreactive puncta, the quantities
of which were sparse at most. In other words, these
clustered immunoreactive puncta were observed almost
exclusively in the aged mouse brain. Similarly, the
burden of clustered immunoreactive puncta in the
olfactory bulb/tubercle (21 young and 18 aged mice)
showed a highly significant trend toward greater load in
aged mice (p<0.0001 for each of LC3, p62, and
ubiquitin stainings; p=0.0002 for each of MAP2 and
synapsin IIa stainings; χ
2 test for linear trend), as did the
burden in the cerebellar cortex (22 young and 18 aged
mice, p<0.0001 for each of LC3, p62, and MAP2
stainings; χ
2 test for linear trend).
Correlation between numbers of clusters
of immunoreactive puncta in aged mice
The number of clusters of puncta immunoreactive for
autophagosome-related proteins (i.e., LC3, p62, and
ubiquitin) correlated significantly with each other in
the hippocampal formation, olfactory bulb/tubercle,
and cerebellar cortex of aged mice (Fig. 4). Similarly,
the number of clusters of MAP2 puncta correlated
significantly with those of LC3, p62, and ubiquitin in
all the three brain regions (Fig. 4). In addition, there
was a significant correlation between the number of
clusters of synapsin IIa puncta and that of LC3 in the
hippocampal formation (Fig. 4).
Correlation between number of clusters
of immunoreactive puncta and memory performance
On analysis of object recognition testing, the DR
distribution in aged mice was significantly lower than
that in young mice (median, 0.54 vs. 0.67; interquar-
tile range, 0.11 vs. 0.19; p=0.005, U test).
As evidence has suggested that the hippocampus,
but not the olfactory bulb or cerebellum, is essential
for object recognition memory performance in rodents
(Brown et al. 2010; Young et al. 2009), we specifi-
cally examined the correlation between the hippo-
campal burden of clustered immunoreactive puncta
and DR. In the hippocampal formation of aged mice,
the numbers of clusters of puncta immunoreactive for
LC3 and p62 exhibited significant inverse correlations
Table 1 Distributions of clustered immunoreactive puncta in the hippocampal subfields, olfactory bulb/tubercle, and cerebellar cortex
Hippocampal CA1 Hippocampal CA2/CA3 Dentate gyrus Subiculum Olfactory bulb/tubercle Cerebellar cortex
SL SR SP SO SL SR SP SO SM SG PZ
LC3 + + + + + + − ++ −−++ +
p62 + + + + − ++++ + − ++ +
Ubiquitin + + − ++ + − ++ − + + + Undetermined
a
MAP2 + + + + − ++++ + − ++ +
p-Tau −−−−− − − − − −−− − −
Synapsin IIa + + + + −−+ − + −−+ + Undetermined
a
Synaptophysin −−−−− − − − − −−− − −
LC3 microtubule-associated protein 1 light chain 3, MAP2 microtubule-associated protein 2, p-Tau phosphorylated Tau, SL stratum
lacunosum-moleculare, SR stratum radiatum, SP stratum pyramidale, SO stratum oriens, SM stratum moleculare, SG stratum
granulosum, PZ pleomorphic zone (hilus), + present, − absent
a Whether there were clustered puncta immunoreactive for ubiquitin and synapsin IIa in the cerebellar cortex was undetermined due to
intense immunoreactivity of these two proteins in the granule cell layer
310 AGE (2012) 34:305–316Fig. 2 Double immunofluo-
rescent staining of the hippo-
campal formation of aged
mice shows within clustered
puncta co-localization of
microtubule-associated pro-
tein 2 (MAP2, a, d, h) with
microtubule-associated pro-
tein 1 light chain 3 (LC3, b,
CA1 stratum radiatum), p62
(e, stratum moleculare), and
ubiquitin (Ubi, g,C A 1s t r a -
tum lacunosum-moleculare
[upper] and stratum molecu-
lare [lower]). Ubiquitin
(j, m, p) is also co-localized
within clustered puncta with
synapsin IIa (Syn, k [arrows],
CA1 stratum lacunosum-
moleculare), LC3 (n,C A 1
stratum radiatum), and p62
(q, stratum moleculare). c, f,
i, l, o, r Each represents a
merged image in their re-
spective row, with DAPI-
labeled nuclei (blue)i nc, f,
and i; bar=20 μm. Note that
a–i were obtained from one
aged mouse and j–r from
another aged mouse
AGE (2012) 34:305–316 311with DR (ρ=−0.48 and −0.55, p=0.044 and 0.018,
respectively, Fig. 5). An inverse linear trend between
the number of clusters of ubiquitin puncta and DR did
not reach statistical significance (ρ=−0.40, p=0.098).
There were no significant linear correlations between
DR and the numbers of clusters of puncta immuno-
reactive for MAP2 or synapsin IIa.
Discussion
In the present study, clustered puncta immunoreactive
for autophagosome-related proteins in selective
regions of the mouse brain were similar to the
autophagic puncta reported by Cao et al. (2006)i n
the hippocampal CA2/CA3 and cerebellar cortex of
Fig. 3 In the hippocampal formation of all mice studied (22
young and 18 aged), the semiquantitative burden of clustered
puncta immunoreactive for microtubule-associated protein 1
light chain 3 (LC3, a), p62 (b), ubiquitin (c), microtubule-
associated protein 2 (MAP2, d), and synapsin IIa (e) each
shows a significant linear trend toward greater load in aged
mice (p<0.0001, Chi-square test for linear trend)
Fig. 4 The linear correlation coefficient (ρ) between the
numbers of clusters of immunoreactive puncta is shown for
each pair of proteins studied in each of three brain regions (i.e.,
the hippocampal formation, olfactory bulb/tubercle, and cere-
bellar cortex) of 18 aged mice (*p<0.05, **p<0.01, ***p<
0.001, ****p<0.0001, Spearman’s rank correlation). Note
whether there were clustered puncta immunoreactive for
ubiquitin and synapsin IIa in the cerebellar cortex was
undetermined due to intense immunoreactivity of these two
proteins in the granule cell layer. LC3 microtubule-associated
protein 1 light chain 3, Ubi ubiquitin, MAP2 microtubule-
associated protein 2
312 AGE (2012) 34:305–316homozygous Cln3
Δex7/8 knock-in mice as a model of
juvenile neuronal ceroid lipofuscinosis, using the
same anti-LC3 antibody. We found increased accu-
mulation of autophagosomes predominantly in three
distinct brain regions (i.e., the hippocampal forma-
tion, olfactory bulb/tubercle, and cerebellar cortex),
suggesting that these neuroanatomic regions are more
vulnerable to macroautophagic dysregulation com-
pared to others. The considerably greater burden of
observed autophagosomes in the brains of aged mice
compared to young mice suggests that increased
accumulation of autophagosomes (involved in the
p62-mediated selective degradation of ubiquitinated
proteins via macroautophagy) in selective brain
regions is characteristic of aging.
Recent studies using mice deficient for autophagy-
related proteins (e.g., Atg5 and Atg7) specifically in the
central nervous system (CNS) have demonstrated the
importance of constitutive macroautophagy in neuronal
homeostasis (Hara et al. 2006; Komatsu et al. 2006;
Metcalf et al. 2010). Dysregulation of macroautophagy
may promote the intracellular accumulation of defec-
tive organelles and aggregate-prone proteins, which
can disturb neuronal function and lead to neurodegen-
eration (Cherra et al. 2010; Levine and Kroemer 2008;
Metcalf et al. 2010; Moreira et al. 2010). In support of
this notion, the present study demonstrated significant
linear correlation between the burden of autophago-
some accumulation (represented by the numbers of
clusters of puncta immunoreactive for LC3 and p62) in
the hippocampal formation and the short-term recog-
nition memory impairment in aged mice. This finding
can be considered biologically relevant, as a large body
of evidence has suggested that the object recognition
memory involves the hippocampus and perirhinal
cortex, as well as the prefrontal cortex (Brown et al.
2010; Young et al. 2009). We did not observe clustered
immunoreactive puncta in the cerebral cortex. The
range of parasagittal hemi-brain sections examined in
our study did not include the perirhinal cortex.
Increased autophagosome accumulation in neurons
may be due either to enhanced assembly or diminished
degradation of autophagosomes or both (Chu 2006;
Levine and Kroemer 2008). Increased autophagosome
formation usually occurs in the adaptive response to
stress signals, such as nutrient starvation, deficient
insulin signaling, and mTOR inactivation; however,
CNS neurons are relatively protected from experiencing
nutrient starvation in vivo. Decreased autophagosome
degradation is associated with unsuccessful completion
of macroautophagy (e.g., impaired fusion with lyso-
somes and decreased lysosomal proteolysis), which may
result in adverse pathophysiological consequences, such
as those seen in aging and neurodegeneration (Levine
and Kroemer 2008). Within neurons, autophagosomes
a r ef o r m e dr a n d o m l yi ns y n a p t i ct e r m i n a l sa n da l o n g
neuronal processes, are then centripetally transported
along microtubules in a dynein-dependent manner
toward the soma, where lysosomes are clustered around
the microtubule-organizing center located near the
nucleus, and finally mature to autophagolysosomes by
fusing with lysosomes (Chu 2006;G a r c í a - A r e n c i b i ae t
al. 2010;N i x o n2007). In an in vivo study using
transgenic mice expressing a fluorescent autophago-
some marker (GFP-LC3), LC3 in healthy neurons
existed predominantly as soluble LC3-I and the level
of membrane-bound LC-II did not increase after
nutrient starvation, in contrast to the liver and heart
(Mizushima et al. 2004). Neurons, different from most
other cell types, can uptake glucose independently of
insulin. In the liver, starvation-induced macroautoph-
agy functions in part to supply the CNS with fuel via
amino acid deamination and conversion to glucose.
Accordingly, adaptive macroautophagic responses in
neurons may be involved more in neuritic remodeling
than in supplying amino acids and other substrates for
energy production (Chu 2006).
Fig. 5 Scattergraphs with their trend lines show significant inverse
correlations between the discrimination ratio (i.e., the ratio of the
time spent exploring the novel object over the total amount of time
spent exploring both novel and familiar objects during the retention
phase of the single-trial object recognition test) as a measure of the
short-term recognition memory performance and the number of
clusters of puncta immunoreactive for microtubule-associated
protein 1 light chain 3 (LC3) and p62 in the hippocampal forma
tion of 18 aged mice (ρ=−0.48 and −0.55, p=0.044 and 0.018,
respectively, Spearman’s rank correlation)
AGE (2012) 34:305–316 313Ultrastructural analysis confirmed the paucity of
autophagosomes in healthy neurons (Nixon et al.
2005). This may be attributed to the high efficiency of
constitutive macroautophagy in healthy neurons with
highly dynamic vesicular trafficking in keeping
balance between formation and clearance of autopha-
gosomes (Boland et al. 2008; Chu 2006). Still, an
alternative interpretation states that neurons normally
maintain low levels of autophagosome biosynthesis
(Moreira et al. 2010). In the Alzheimer’s disease brain,
there is massive accumulation of autophagosomes
within neuritic processes and synaptic terminals
(Nixon et al. 2005). In addition to increased induction
of macroautophagy, in vitro studies using primary
cortical neurons have suggested deficiencies in the
retrograde transport and maturation of autophago-
somes, resulting in prolongation of their half-life, as
another potential mechanism of increased autophago-
some accumulation observed in neuronal processes in
Alzheimer’s disease (Boland et al. 2008;N i x o n2007).
As aging-related decline in macroautophagic effi-
ciency in almost all organisms and tissues analyzed
has been described to be primarily associated with
deficiencies in autophagosome formation, fusion with
lysosomes, and lysosome-dependent degradation
(Cuervo 2008; Levine and Kroemer 2008; Martinez-
Vicente and Cuervo 2007), it is possible that in the
present study the aging-related finding of increased
autophagosome accumulation in selective regions of
the mouse brain is attributed to macroautophagic
dysregulation including retarded retrograde axonal
transport and defective degradation of autophagosomes
(Nixon 2007). In a mouse model of Alzheimer’s
disease, early axonopathy and axonal transport deficits
were shown to precede the well-established disease-
related pathology (Stokin et al. 2005). Accordingly,
therapeutic interventions by stimulating autophago-
some formation (e.g., treatments with rapamycin to
inhibit mTOR signaling and with inositol-reducing
agents like lithium involved in mTOR-independent
activation of macroautophagy) may not be worth-
while unless impediments to effective axonal
trafficking, maturation, and lysosomal degradation
of autophagosomes are also removed (García-
Arencibia et al. 2010;M e t c a l fe ta l .2010;S a r k a r
and Rubinsztein 2008).
In our study, the strong direct correlation between
the number of clusters of LC3 puncta and that of p62
(Fig. 4) suggests that these structures are involved in
the p62-mediated selective degradation of ubiquiti-
nated proteins via macroautophagy (Kirkin et al.
2009). In addition, the fact that MAP2 was co-
localized with LC3, p62, and ubiquitin within
clustered puncta suggests that the observed LC3-
immunoreactive autophagosomes are localized to
neuronal processes and that MAP2 undergoes turn-
over by means of the selective degradation of
ubiquitinated proteins via macroautophagy. We did
not observe any clusters of puncta immunoreactive
for p-Tau (Thr-231) or synaptophysin in any hemi-
brain sections examined, suggesting that these two
proteins may not use macroautophagy as their
primary recycling process in vivo. Tau contains a
pentapeptide motif biochemically related to KFERQ
in its amino acid sequence and, when it is in a soluble
form and amendable to complete unfolding, can be a
potential substrate for chaperone-mediated autophagy.
However, the selective clearance of cytosolic proteins
via chaperone-mediated autophagy is low under basal
conditions in most cells but is maximally activated in
response to stress (Koga and Cuervo 2010). Although
recent studies using cell models showed that full-
length wild-type Tau was preferentially degraded by
macroautophagy (Hamano et al. 2008; Wang et al.
2009), the role of constitutive macroautophagy in
recycling of soluble Tau in vivo remains controver-
sial, and the state of phosphorylation may also
determine the effective pathway in which Tau is
degraded (Wang et al. 2010). Evidence has suggested
that the crosstalk between macroautophagy and
chaperone-mediated autophagy operates bi-directionally
to ensure that deficiency in one pathway triggers
compensatory activation of the other (Kaushik et al.
2008; Koga and Cuervo 2010).
In summary, our findings suggest that increased
accumulation of autophagosomes within neuronal
processes in specific brain regions is characteristic
of aging. This dysregulation of macroautophagy may
adversely affect the turnover of aggregate-prone
proteins, which can disturb neuronal function (Cherra
et al. 2010; Levine and Kroemer 2008; Moreira et al.
2010). Our results also show that the burden of
autophagosome accumulation in the hippocampal
formation predicts short-term recognition memory
impairment in aged mice. Yet, this conclusion may
not be generalized to other domains of cognitive
impairment that were not evaluated in the current
study. We studied parasagittal hemi-brain sections at
314 AGE (2012) 34:305–316the levels from 1,250 to 1,750 μm from the midline
and observed clustered immunoreactive puncta pre-
dominantly in the hippocampal formation, olfactory
bulb/tubercle, and cerebellar cortex and rarely in the
thalamus. Therefore, we cannot exclude the possibil-
ity of increased accumulation of autophagosomes in
other brain regions not included in this series of
analysis. Similar studies in the perirhinal cortex in
particular are warranted as this neuroanatomic region,
in addition to the hippocampus, has been shown to
play a role in object recognition memory performance
(Brown et al. 2010; Young et al. 2009).
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